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THE  PARAMETERISATION  OF  METAL  CENTRED  REDOX  COUPLES 

By  A.  B.  P.  Lever, 

Dept  of  Chemistry, 

York  University, 

North  York  (T oronto), 

Ontario,  Canada,  M3  J 1P3. 


1.  Introduction 

Crystal  field  theory  played  a  dommant  role,  from  the  19S0s,  in  the  renaissance  of  inorganic 
chemistry.  Its  ability  to  reproduce  the  d-d  (crystal  field)  spectra  of  almost  any  metal  complex,  through 
combination  of  geometry  and  the  use  of  simple  equations  involving  the  crystal  field  parameter,  Dq, 
made  a  major  impact  on  the  field  [1]. 

The  success  of  this  theory  is  owed  to  the  Spectrochemical  Series  of  Ikands  in  which:- 

1)  The  relative  position  of  any  ligand  in  the  Series  is  independent  of  the  metal  ion  to  which  it  is 
attached,  and 

2)  The  contribution  of  a  set  of  n  ligands  is  additive,  i.e.  is  obtained  by  summing  the  Dq 
contribution  each  ligand. 

The  question  then  arises  -  could  one  create  an  Electrochemical  Series  oi  ligands,  with  parameter, 
say,  Et  (L),  vdiich  could  be  used  to  reproduce  any  metal-centred  redox  potential,  E(M(m-f  1/m))  in  a 
generm  complex  MX^YyZ^  from  a  weired  sum  dt  E|^(L)  parameters, 

Le.  in  this  case,  P:El(L))1  -  xEl(X)  +  yE^fX)  +  zEl(Z). 

Such  a  Series  would  clearly  be  invaluable  tot  reasons  which  will  be  detailed  later.  On  the  face  of 
it,  this  sounds  like  a  difficult  proposition,  because  the  Electrochemical  Series  would  have  to  meet  both 
the  criteria  expounded  for  the  Spectrochemical  Series,  otherwise  it  would  not  work,  or  would  have 
many  exceptions. 

One  may  expect,  for  example,  that  the  sequence  of  E|^(L)  values  for  a  soft  metal  ion,  such  as 
Cr(0)  would  sorely  be  different  than  for  a  hard  metal  ion  su^  as  Ta(V),  Le.  the  old  idea  that  soft 
ligands  prefer  to  bind  to  soft  metal  ions,  and  hard  ligands  to  hard  metal  ions,  would  surefy  mitigate 
against  criterion  number  1  above,  being  valid  for  electrochemical  potentials.  That  this  does  not  appear 
to  be  the  case,  at  least  within  the  framework  of  this  model,  is  one  of  the  more  important  and 
revolutionary  ideas  to  come  out  of  this  analysis. 

HatoricaDy  there  is  a  precedent  for  the  atkfitive  nature  of  electrochemical  potentials  stemming 
from  the  work  of  Kckett,  Fletcher,  Penske,  Chatt  and  Treichel  between  1972  and  1980  [2-8]  and 
summarised  by  Burtten  [9]  and  Chatt  [10],  with  more  recent  contributions  from  Pmnbeiro  [11]. 

Basically,  they  demonstrated  that  if  one  successively  substituted  a  carbtmyl  spedes,  say  CxiOO)^ 
by  ligands  L,  to  form  Cr(CO)^  Cr(CO)3L2  etc.,  one  may  write  an  equation  for  the  oxidation 
potential,  in  tins  case  E(Cr^)):* 

E(ox)  -  A  +  n(dEO/dn)L  +  Cy  (1) 

where  dE9/dn  is  the  change  in  potential  opm  replacement  of  n  CO  groups  by  n  ligands,  and  A  and  C 
are  constants.  A  ligand  parameter,  P|^  was  defin^  [10,12,13]  where,  for  examj^ 
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Pl  -  Eiy2lCKCO)6l  -  E,y2lCKCO)5L)  (2) 

with  s(Miie  additionai  refinements  to  which  the  reader  is  referred  [11].  We  also  note  an  early  recognition 
that  Ru(III/n)  potentials  correlate  with  values  [14].  Thus,  ligand  additivity  does  have  apparent 
validity,  at  least  within  a  fairly  narrow  group  of  organometaOic  complexes.  Yet  tte  model,  represented 
by  equations  (1,2)  has  not  been  developed  in  any  detail,  and  to  date,  there  are  only  about  20  ligands  for 
uUch  parameters  have  been  derived 


2.  Standardizadoii 


We  therefore  seek  a  more  broadly  based  procedure,  standardisation,  which  would  permit  this 
theory  to  be  used  widely  both  in  organometaOic  ai^  coordination  chemistry. 

A  standard  must  have  certain  characteristics:* 

i)  be  available  for  a  very  wide  range  of  ligands,  ii)  be  electrochemically  reversible,  or  at  least 
quasi-reversible,  and  be  largely  solvent  independent  (except  for  the  special  case  of  water),  iii)  have 
potentials  which  are  largely  independent  of  stereochemistry  (e.g.  sis,  rranat  mer.  fac  etc)  and 
independent  of  overall  charge  Le.  it  should  not  matter  whether  we  deal  with  [ML^  "*■  or  [ML^]^. 

The  'obvious*  choice  to  fit  these  criteria,  is  the  E(Ru(III/II))  couple  which  is  known  for  a  very 
large  number  of  complexes  and  usually  meets  the  other  criteria  listed  above. 

Thus  we  defiM  a  parameter  for  the  infamous  [Ru(bpy)3p'*'  ion  (bpy  *  2,2*-bipyTidine)  such 

that:* 

EL(l>py)  -  V6  E(Ru(mm))[Ru(bpy)3]2  +  (3) 

and  where  all  potentials  refer  to  NHE.  The  foctor  1/6  is  employed  because  there  are  6  identical  Ro*N 
bonds  in  the  [Ru(bpy)3]^'^  ion.  It  is  evident  Uiat  the  sum,  6  E|^(bpy),  reproduces  the  Ru(in/II) 
potential  for  tlm  [Ru(^)3]^'''  ion. 

If  we  now  consider  species  such  as  Ru(bpy)2L2>  Eu(bpy)L4  or  indeed  RuL^  their  Ru(III/n) 
potentials  are  reproduced  by: 

E(obs)  -  4EL(bpy)  +  2El(L) 

E(ob6)  -  2El(Iw)  +  4El(L) 

E(obs) -6El(L)  (4) 

respectively.  Thus,  the  observed  electrochemical  potential  for  the  general  comfdex  RuXjYyZ2  is  given 

E(ob8)  -  X  El(X)  +  y  El(Y)  +  z  El(Z)  -  P:El(L)]  (5) 

and  it  is  clear  that  from  an  extensive  database  of  ruthenium  complexes,  with  known  Ru(III/n) 
potentials,  one  may  derive  E|^(L)  values  for  a  large  number  of  different  ligands.  Where  a  given  L 
appears  in  many  different  compteaes,  values  of  E£^(L)  are  averaged  to  give  the  best  fit  to  the  data.  In 
t^  fashion,  E|^(L)  values  have  now  been  reported  for  over  200  different  ligands  [15]. 

3.  Procedure  and  Expoimental  Resnlts 

We  may  now  mk*  any  general  metal  comi^ex,  MXjjYyZ2  (not  necessarily  ruthenium)  and  write, 
for  any  observ^  potential  (e.g.  M(III/II),  or  M(II/I)  etc.): 


PolanlUl  V  vs.  NHE 
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E(obs)  -  Si^E|^(L)]  +  I]4  (6) 

n^iere  S|^,  the  slope,  and  Im,  the  iateroept  would  be  1  and  zero  for  the  qiedSc  case  of  the  Ru(III/n) 
couple  in  a  ratheidnai  cooiffea  (ie  an  organic  idvent),  but  differ  from  1  and  zero  in  the  general  cate. 
Equation  (S)  rqnaeata  a  plot  of  aiqr  obaeived  metal-centred  redoi  potential  for  the  general  tpedea 
MXjYyZx  agaimt  the  calculated  Ro(ni/II)  potential  for  the  corresponding  RuX^YyZ^  spedes  (which 
doesnMinfiKthavetoeiirt).  ^ 

If  this  procedure  is  to  be  successful,  then  equation  (6)  must  be  valid,  linear,  for  a  wide  range  of 
metal  complexes,  in  maiqr  oiidatioo  states.  This  it  seen  to  be  the  case.  Data  for  Os(III/II),  Pe(III/II), 
Cr(inm),  Mn(II/I),  Cr(U)),  Mo(W),  Nb(V/IV).  Nb(IV/III),  Ta(V/IV),  Re(IV/III)  are  shown  in  Figures 
3  •  10  of  die  original  publication  (1^  with  slopm  and  intercepts  listed  in  Table  1.  Some  additional  data 
for  Ru(IV/III)  and  (^(IV/m)  are  shown  here  in  I^iures  14> 

Our  study  shows  that  for  most  complexes,  good  linear  correlations  are  indeed  observed  (with 
equation  (6)),  no  •■gr**^***  dependence  upon  the  organic  solvent,  unless  special  solvatochromic 
phenomena  are  present,  and  no  significant  dependence  upon  the  overall  net  charge  (e^.  between 
and  [MY^*^)  in  organic  solvents. 


3 


zs 


Figure  1  A  plot  of  Rii(IV/III)  and  Ro(III/II)  Figure  2  A  plot  of  Os(IV/III)  and  Os(III/n) 

potentials  in  organic  phase,  vs  (£E|^(L)^  potentials  in  orgaiuc  phase,  vs  (£E|^(L)). 
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Water,  however,  is  a  special  case.  Thus  S|^  and  values,  listed  in  Table  1,  are  different  in 
water  from  their  values  in  a  general  organic  solvent,  and  are  strongly  dependent  upon  net  charge.  Thus 
if  the  net  charge  is  kept  constant,  (e.g.  all  good  linear  correlations  are  also  observed 

for  aqueous  |rfiaae  couples. 

Since  the  electrode  potential  is  determined,  at  least  in  part  (see  section  D,  (a)  below)  by  the 
relative  binding  energies  of  the  ligands  L  to  the  metal  ion  in  the  lower  and  upper  ondiaion  states,  the 
Sj^  and  I|^  values  in  equation  (6)  should  be  dependent  upon: 

i)  the  coordinatioa  number,  and  the  stereochemistry  of  the  two  qiecies  ^  and  MLa"*.  ii)  the 

spin  states  of  MLa""  ^  and  MLa"  and  Hi)  the  pair  of  ondation  states  invoh^  Le.  the  value  of  m. 

Data  have  been  collected  ahnost  exclusively  for  six  coordinate  (n  >  6)  octahedral  species.  Thus 
the  major  variable  is  spin  state  and  indeed  (see  Table  1)  the  magnitudfis  of  tte  and  I]^  parameters 
do  depend  upon  spin  state,  where,  for  example,  the  low  spin  Pe(III)/high  spin  Fe(II)  potentials  have 
different  and  I{^  values  from  the  low  spin  Fe(ni)/low  spin  Fe(I0  potentials. 

They  also,  obviously,  must  depend  upon  the  specific  pair  of  oxidation  states  involved,  but  this 
raises  some  intriguing  questions,  to  which  we  return  later. 

A  very  large  body  of  data  was  presented  in  ret  [IS]  clearly  legirimising  the  approach  and  showing 
indeed  that  an  Electrodiemical  Series  of  ligands  can  be  derived. 

3.1  RANGE  OF  LEGITIMACY 

Most  of  the  compfriWiS  studied  to  date  involve  redes  processes  occurring  at  the  t^  sub-shell,  Le. 
involving  ds  electrons.  High  spin  Fe(II),  Fe(III)  and  C^II)  are  the  only  species  m  involve  do 
electrons  for  which  S|^  and  I]^  values  are  so  fv  reported.  It  wm  also  a  primary  requirement  in 
collecting  the  data  for  this  analysis  that  the  redox  couples  were  al  electrochemicaOy  reversible;  the 
absence  of  many  do  redos  processes  from  the  correladon  reflects  the  fact  that  these  processes  are 
often  irreversMe  and  that  extended  sets  of  electrochemical  do  data  are  absent  from  the  literature 
(because  they  are  irreversible  ?!). 

Using  the  Sm  and  Im  vaincs  for  a  spccUlc  redox  couple  with  the  appropriate  E|^(L) 
values  (vide  uifra)  then  allows  one  to  calculate  the  r^x  potential  vs  NHE,  for  any 
metal  complex  and  any  redox  couple  where  the  necessary  parameters  have  been 
reported. 

However  there  are  dtrumstanoes  where  the  calculated  result  may  differ  frxmi  that  experimentally 
observed  These  might  be  sob-divided  into  two  sets,  intrinsic  or  extrinsic.  Intrinsic  skuatioos  are  those 
where  the  actual  magnitude  of  the  potential  does  differ  from  the  calculated  value  because  for  example; 

a)  there  are  strong  synergistic  interactions  bmween  between  pairs  of  ligands  via  the  metal  such 
that  their  E|^(L)  values  are  modified  b)  there  are  redox  active  (”iian-innoceat*)  Hgands  present,  e.g. 
qumones,  NO,  c)  a  bulky  Hgaod  causes  a  steric  interactioo  which  interferes  with  the  E|^  oootrSmdon  of 
another  ligand  (e4. 2,2*:6*j*-terpyri<Bne  is  a  probiem  in  this  respeaX  d)  the  case  of  maaocydes  where 
the  bole  siae  is  an  important  factor  in  determiniag  the  metal  Uguid  binding  energy,  and  hen«  E|^(L)  is 
not  transferable. 

Extriaaic  facton  are  those  where  one  is,  m  fact,  fulnilating  the  true  redox  potential,  but  the 
oseasured  expetiBsentd  value  reflects  compficating  external  physical  or  chemical  betors,  the  most 
obvious  one  being  a  kinetic  cosXribution,  from  whatem  cause,  to  the  measured  redox  potentiaL  Such 
problems  mi^  arise  because;  a)  the  rete  potentials  are  particularly  sotveat  dependent,  b)  equilibria 
are  presem  in  either  oxidation  state  Kf*  ^  or  M",  say  where  MX^Yy  depends  upon  the  bulk 
concentration  of  X  or  Y,  e.^  where  X  and/or  Y  are  solvolysed  rapi<^,  or  where,  for  example,  a 
supporting  electrolyte  ion,  or  solveat  molecule,  might  bind  to  the  metal  ion  in  one  of  ks  oxidation  states, 
or  in  fsaeral,  any  coupled  chemical  reactions  which  change  the  inner  sheD  of  the  metal  ion  in  either 
oxidttion  state.  Clearly  one  should  also  take  the  positive  view  that  sudi  deviations  between  observed 
and  calculated  redox  potentials  provide  a  due  that  one  or  more  of  the  above  effects  is  present  and  may 
lead  to  an  estimate  of  its  energy  contribution. 
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Table  1  Slope  and  Intercept  Data^  Volts  vs  NHE 


Slope 

btercept  R.^ 

Solvent 

Chromium  Cr(in)/Cr(n)(LS) 

1.18 

•1.72 

0.96 

14 

Organic 

Chromium  Cr(III)/Cr(n)(LS) 

0J75 

*1.12 

0.98 

8 

Water 

Chromium  Cr(III)/Cr(n)(HS) 

0.84 

•1.18 

0.98 

14 

Organic 

Chromium  Cr(I)/Cr(0) 

0.52 

•1.75 

0.97 

39 

Organic 

Ircm  Fe(III)/Fe(n)(LS) 

0.68 

0.24 

0.99 

24 

Water 

IronFe(m)/Fe(II)(LS) 

1.10 

•0.43 

0.99 

14 

Organic 

IronFe(III)/Fe(II)(HS) 

0.89 

•0.25 

0.99 

8 

Organic 

Manganese  Mn(II)/Mn(I) 

0.81 

•1.76 

0.99 

23 

Organic 

Molybdenum  Mo(I)/Mo(0) 

0.74 

•2.25 

0.99 

24 

Organic 

Niobium  Nb(V)/Nb(IV) 

0.76 

124 

0.999 

3 

Organic 

Niobium  Nb(IV)/Nb(m) 

0.75 

-0.12 

0.999 

3 

Organic 

Osmium  C)s(IV)/Os(III) 

0.93 

1.0 

0.97 

25 

Organic 

Osmium  Os(III)/Os(II) 

LOl 

-0.40 

0.96 

80 

Organic 

Osmium  Os(in)/Os(II) 

1.61 

-IJO 

0.99 

18 

Water 

Rhenium  Re(rV)/Re(III) 

0A5 

OJO 

0.96 

18 

Organic 

Rhenium  Re(III)/Re(II) 

1.17 

-0.88 

0.97 

22 

Organic 

Rhenium  Re(II)/Re(I)  upper 

0.76 

-0.95 

0.96 

59 

Organic 

Rhenium  Re(II)/Re(I)  lower 

0.27 

-1.43 

0.76 

12 

Organic 

Ruthenium  Ra(rVVRu(III) 

0.96 

IJO 

0.94 

22 

Organic 

Ruthenium  Rii(lIIVRu(Il) 

1 

0 

1 

- 

Organic*^ 

Ruthenhun  Ru(niVRn(II) 

1.14 

■035 

0.97 

44 

Water 

Tantalum  Ta(VVra(IV) 

0.78 

OM 

0.96 

5 

Organic 

a)  All  sa  coordinalB.  LS  low  spin,  HS  -  Ugb  spin,  b)  Correlation  coefficient,  c)  Number  of 
data  points.  e)byde&iitioii. 


32  MAGNITUDE  OF  THE  El(L)  PARAMETERS 


Tbe  E|^(L)  parameters  range  in  magnitade  Crom  about  -0.6  for  very  soft  anionic  species,  to  0  to 
OJ  for  most  amines,  to  0.99  for  carbon  monoiide  and  greater  than  2  for  the  nitrosonium  cation.  In 
particular,  one  auy  estid)G8h  relatively  narrow  ranges  for  speci&  groups  of  ligands: 
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El(L)  -0.63— >0V 

OH*,  most  X"*  ions,  including  S  anions,  strong  it -bases. 

El(L)  0 - >0.1V 

Saturated  amines  fall  into  a  fairly  narrow  range,  weakly  it -add  unsaturated  amines. 

El(L)  0.1 - >  0.40  V 

Unsaturated  amines  of  stronger  it -add  character,  pyridines,  bipyridines  etc. 

El(L)  030 - >  0.40  V 

Hard  thioethers,  nitriles,  softer  phosphines. 

El(L)  035  — >050V 

Isonitriles,  harder  phosphines,  arsine,  stibines,  softer  phosphites. 

El(L)  030 - >  0.65  V 

harder  phosphites. 

EJL)  0.65 - >  0.75  V 

Dinitrogen,  nitrites. 

El(L)  0.70 - >  0.95  V 

Positively  charged  ligands,  it -add  olefins. 

El  (L)  >  0.9  V 
CO,NO'*‘ 

Therefore,  even  if  a  particular  ligand  does  not  have  a  tabulated  Ei^(L)  value  (in  [15]),  a  rough 
estimate  can  generally  be  made. 


33  PROBLEMS  WITH  STEREOCHEMISTRY 


In  the  case  of  most  coordination  complexes  (as  distinct  from  organometallic  complexes), 
cUArans-  mer/fac  isomers  etc  usually  have  similar  potentials.  Thus  equation  (6)  can  be  used  without 
concern  as  to  the  mutual  arrangements  of  the  ligands.  This  is  often  not  true  for  organometallic  spedes 
where  differences  may  be  0.1  -  05  V.  Fenske  [4]  develop  a  correction  for  the  HOMO  energy  of  a 
carbonyl  complex  in  terms  of  the  number  of  carbonyl  it  orbitals  interacting  with  the  HOMO.  In  the 
case  of  a  d*^  M(CO)5  spedes,  all  three  %  oriiitals  (degenerate  HOMO)  interact  with  4  CO  it*  orbitals, 
whQe  for  l£ass-ML4(CO)2  spedes,  the  split  commonly  to  place  d(xy)  (HOMO)  above  d(xz,yz). 

This  d^xy)  will  not  interact  with  CO  ii*tsimilarty,  for  ^•ML4((X))2  the  d(xz,yz)(HOMO)  will  have  1 
CO  x  interaction  per  orbitaL  Since  the  stabilis^n  of  the  HOMO  b  related  both  to  the  number  of 
CO  groups  bonded  thereto  and  the  relevant  potential  [4,9],  one  introduces,  into  equation  (6),  a  variable 
X  such  that  for  the  carbonyl  spedes  under  disoission,  equation  (6)  b  replaced  by  [lib]:- 

Eobs  “  SmP:El(L)  +  q*l  +  Im  (7) 

where  q  •  4, 0  and  1  respectively  for  the  hexacarbonyl,  trans  and  ^  dicarbonyi. 

In  practice,  only  CO  and  the  isonitrile  ligand  appear  to  reqube  this  type  of  stereochemical 
correction.  For  amiplexes  containing  both  these  ligands,  a  double  correction  must  be  imposed,  viz: 

Eobs  •  SJ^EL(L)■^  qx  +  q’y]  +  Ij^  (8) 

A  Table  of  corrections  (q  and  q’  values)  for  all  common  stereochembtries  b  shown  in  ref.  [15, 
Table  III].  Commonly,  for  low  valent  carbonyl  spedes,  x  b  of  the  order  of  0  -  0.1  V  per 
HOMO-interacting  CO,  while  y  can  be  larger,  as  much  as  03  -  03  V  per  HOMO-interacting  isonitrile 
group.  The  isonitrile  b  a  special  case  since  they  may  be  linear  or  bent  and  the  electron  distribution  on 
the  species  does  depend  upon  thb  geometry,  Le.  one  may  suppose  that  the  y  correction  allows  for  some 
variation  of  E|[^(isodtrile)  value  with  the  geometry  of  the  met^-isonitrile  bonding. 
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f  4.  Significance  and  A|»plication 

4.1  SLOPE  AND  INTERCEPT 

4.1.1.  Preamble 

Electrode  potentials,  for  say  may  be  thought  of  as  being  determined  by  the 

relative  stability  constants  for  formation,  in  the  gas  phase,  of  the  ML^  species  in  each  oxidation  state, 
and  by  the  differendal  solvation  free  ener^es  of  each  species  in  sdudon.  The  lack  of  dramatic 
variations  in  redox  potential  from  one  nryanic  solvent  to  another,  and  the  lack  of  any  major 
dependence,  in  j^ggoiE  solvent,  of  the  redox  potential  on  the  net  charge  of  an  ion  argues  for  this 
differential  solvatioa  energy  to  be  rather  small,  or  relatively  constant  from  one  organic  solvent  to 
another,  or  possibly  with  magnitude  scaled  by  the  (£E|^(L)]  value.  Thus  arguments  based  upon  changes 
in  relative  binding  energy  are  probably  valid. 

This  issue  has  been  considered  in  some  detail  [16-18],  where,  when  dealing  with  aqueous  phase 
electrode  potendals,  on  the  other  hand,  it  is  emphasized  [18]  that  differential  solvation  free  energy 
terms  can  be  very  laqge,  and  certainly  very  dependent  upon  net  charge. 

4.1.2.  Slope  data  in  organic  solvents. 

A  sl<q)e,  S|^,  of  unity,  for  dependence  of  the  gh«n  ^/[ML^  couple  upon  [ZEi  (L)] 

requires  that  the  ratio  of  the  stability  constants  (binding  energies)  for  formation  of  [ML^°^  and 
[MLq]*"  is  the  same  as  the  ratio  for  binding  of  the  same  ligands  to  Rn(III)  and  Ru(II),  for  aU  ligands. 

Slopes  greater  than  unity  require  that,  relative  to  the  Ru(]QI/il)  ratio,  there  is  preferential 
binding  to  the  lower  oxidation  state,  [ML^jp*,  and  conversely  for  slopes  less  than  unity. 

4.13.  Slope  data  in  aqueous  phase. 

It  is  difBcult  to  draw  conclusions  because  of  the  dominance  of  the  solvation  free  energy  term. 
However,  it  is  probable  that  the  argument  used  above  for  the  organic  solvents,  can  be  used  if  one,  say, 
compares  aqueous  phase  data  for  the  general  species  [ML^]^  with  data  for  dipositively  charg^ 
ruthenium  species  in  aqueous  medium.  Thus  S|^  for  the  Os(n]/n)  couple,  (derived  from  dipositively 
charged  Os^)  species)  in  water  is  1.61,  compared  with  1.14  for  the  Ru(in^  couple  (derhmd  from 
diposidvely  char^  Ru^  specie^. 

Thus,  in  water,  species  are  more  stable  than  [Ru(n)L^'*'  species,  relative  to 

their  M(III)  partners.  The  reason  is  not  known  but  one  may  speculate  that  Iq^lrogea  bonding  is  more 
important  to  the  lower  oxidation  state,  because  of  overall  charge  considerations,  and  that  the  larger  size 
of  the  Os(II)  core  allows  water  to  penetrate  the  coordination  sphere  to  a  greater  degree  than  in  the  case 
ofRu(II). 

4.L4.  Intercept 

We  may  choose  to  write  the  potendd:- 

®obs  ■  *  +  nh  +  c  +  S|^E|^(L)]  (9) 

where  a  is  the  ionisittion  energy  in  the  gas  phase.  The  variable  b  (always  negative)  could 

be  defined  similar^  to  the  qiherical  electrostatic  term  in  crystal  field  theory  raising  aU  the  energy  levels 
to  the  same  degree  determined  by  n,  the  number  of  ligai^  and  a  consequence  of  the  electrostatic 
repulsion  between  ligand  lone  pair  and  metal  d  electrons.  Note,  however,  thtf  in  this  development  nb 
will  be  defined  as  the  difference  between  the  ^erical  terms  for  the  oxkfised  and  reduc^  species. 
Variable  c  (either  sign)  contains  contributions  from  the  reference  electrode  and  the  differential 
strfvation  free  energies  of  the  two  redcK  states,  thus  I]^  «  a-fnb-t-c. 

For  a  given  redoK  couple,  a  is  a  constant  The  lack  of  solvent  dependence  (in  organic  solvents) 
4/  suggests  that  c  is  approximately  constaitt  (for  a  given  system)  and  therefore  the  existence  of  linear 
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correlatkMis  (EqiutK»  (7))  suggests  that  the  difierential  spherical  term  nb  is  also  reasonably  constant, 
for  a  given  redoi  couple.  Alternatively,  the  invariance  ot  Ij^  may  reflect  that  the  term  nb  is  itself 
linearly  dependent  upon  [EE^(L)].  Further  information  concerning  this  term  can  be  derived  from 
redox  potentiab  of  other  coormiiation  numbers  (varying  n)  once  sufficient  data  are  available. 

The  value  of  b  will  vary  with  different  met^  and  with  different  oxidation  states  of  the  same 
metaL  The  variatkm  in  a,  with  oxidalion  couple,  makes  a  major  contribution  to  the  magnitude  of  the 
intercept,  and  is  responsible,  for  example,  for  the  larger  negative  values  derived  for  low  oxidation  state 
coupler 

4.1.4.  Slope  as  a  function  of  oxidadon  state 

Clearly  the  slope,  Sj^,  (of  eqn.  (6))  can  be  expected  to  change  from  one  metal  centre  to  another, 
but  what  about  when  changing  oxidation  state  but  keeping  the  metal  centre  constant  ?  In  the  initial 
publication  [15],  we  reported  that  Nb(V/IV)  and  Nb(IV/III)  do  have  the  same  slope,  but  only  very 
limited  data  were  availiMe.  Two  data  sets  were  reported  for  C^m/n)  for  low  spin  and  high  spin  Cr(II). 
The  Sj^  value  for  low  spin  d^  Cr(ni/II)  (057)  is  eagperimentally  almost  indistinguishable  from  that  for 
Cr(M))  (052). 

b  this  a  general  result  ?  We  report  here  data  fm^  the  Ru(IV/III)  and  Os(IV/III)  couples,  (Figures 
1,2).  The  lines  are  indeed  almost  par^l  with  the  correspooding  M(IIl/n)  linc^  (Figure  1). 

Meanwhile  an  analysb  of  the  electrochemistry  of  rhenium  cou{^  [21]  (discussed  further  below) 
(Figure  3),  shows  that  the  Re(IV/III)  (S{^  »  056)  and  (upper)  Re(II/I)  (Sj^  -  0.76)  correlations  are 
approximately  parallel  but  with  greater  d^tkm  for  Re(III/^  (^  «  Ll*^. 

Clarke  reported  data  for  Tc(IV/III),  Tc(III/II)  ai^  Tc(II/0  [20],  wiffi  S|^  values  of  15.  L3  amd 

1.4,  the  last  pair,  in  particular,  being  almost  parallel  given  the  eiqierimental  scatter  (see  Figure  2  in  [21]). 

Thus  there  are  sufficient  data  to  tentatively  conclude  that  pairs  of  redox  couples  of  the 
metal  ion,  will  often  have  similar  S{^  values,  ix.  be  approximately  parallel,  though  thb  will  not 
exclusively  be  true. 

This  is  a  significant  observation  which  indiodes  that  ratios  of  the  binding  constanb  to  the  upper 
and  lower  oxidatioo  states  of  pairs  of  couples,  e.g.  Ru(V/TV),  Ru(rV/III)  and  Ru(IlI/II),  are  closely 
similar,  for  all  ligands  (except  those  for  wfai^  there  are  special  probfems  (identified  above)). 


4.2  THE  RHENIUM  STORY 


A  considerable  body  of  data  exists  for  rhenium  redox  couples  [21].  There  are  additional 
complexities  in  that  seven  ooordinate  Re(II)  (d^)  species  are  known.  In  a  few  cases  [21],  six  coordinate 
Re(n)  oompieKS  may  bind  solvent  or  electrolyte  to  generate  a  seven  coordinate  species  s^iose 
formation  lead,  obviously,  to  an  anomalous  potendaL  Nevertheless,  the  Re(IV/in)  line  b 
well'behaved  and  the  ReCDIffl),  subject  to  the  abow  proviso,  is  also  quite  well  behaved  (Figure  3); 
however  dmy  are  not  para^ 

Strikhigly,  the  Re(II/I)  correbtion  breaks  down  into  two  separated  lines,  with  a  break  near 
[£Et(L))  <■  ca.  15  (Figure  3).  Had  the  upper  line  been  extended  to  values  of  [£E|^(L)]ca  0,  then  the 
two  UM  would  have  crossed  and  two-ele^on  couples  (Re(III/I))  would  have  been  observed.  This  is 
avoided  by  complexes  with  [Z  E|^(L)]  <  15  faOii^  mi  the  lowm  Re(II/I)  line. 

Complexes  on  the  lower  fine  are  substantially  more  stable  in  the  Re(II)  oxidation  state  (or  less 
stable  in  the  Re(I)  oxidation  state)  than  they  would  have  been,  had  they  fa&n  on  the  u^ier  line.  The 
reason  for  this  is  ^  no  means  clear.  Arguments  should  be  based  upon  spin  state,  comdinatioo  number 
or  stereochemistry.  The  most  likely  possibility  is  a  change  in  stereochemistry,  perhaps  from  octahedral 
to  trigonal  prismatic,  from  the  upper  to  the  lower  line.  However  this  explan^on  is  only  favoured  in  the 
sense  that  arguments  based  upon  spin  state  or  coordinatioo  number  variations  seem  less  tenaUe. 
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Figure  3.  A  pioc  of  Re(IV/IIl),  Re(lll/Il)  and 
Re(II/I)  poteatials  in  organic  phase,  vs 

P:el(l)j. 


Figore  4.  A  pioc  of  cytopenfadienyimthenium 
(Rn(III/lI))  and  pentamethyiqfdopentadienyl 
manganese  (Mn(II/I))  redon  potenriab  versos 
[ZE|^(L)]  in  organic  phase  (data  from 
I23.26D. 


43  CYCLOPENTADIENYL  SYSTEMS 

Redon  potentials  of  cydopentacficnyi  (and  other  arene  ligand)  complexes  have  been  studied  in 
some  depth  hf  Strelets  (2^  who  documented  weO  behaved  variations  with  properties  such  as  the 
ionisation  potential  of  the  metaL  Mb  intensive  analysis  such  electrochemical  data  has  yet  been 
attempted  with  l^(L).  Clearly  the  Q)  unit  will  modiify  the  metal  ion  dramatically  and  one  does  not 
expect  CpMLX  coniplexBS  to  U  on  tte  same  correlation  fines  as  nonCp  containiiv  organometallic  or 
coordimttion  complexes  of  the  same  metaL 

As  examples  we  show  in  Figure  4  (data  from  23-25),  a  plot  of  data  for  ruthenium  and 
Cp  sptou,  with  variation  of  the  other  ligands  bound  to  these  RuCp  and  MnQ>  cores.  Clearty  they  are 
w^  behav^  bttt  the  slopes  are  dramatically  greater  than  for  any  other  correlations  yet  demonstrated. 
Further  studies  are  necessary,  but  it  appears  ihtf  the  Cp  unk  readers  the  central  metti  atom  very  much 
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OMre  pohrisable  by  the  other  lifiiids,  thao  in  its  abseace. 

4.4  FUTURE  APPUCATIONS 


Electrochemical  potentials  have,  in  the  literature,  been  correlated  with  many  chemical  and 
physical  properties,  e.g.  IR  stretching  frequencies  in  nitrosyis  or  dinitrogen  derivatives,  photoelectron 
core  bin<fing  energies,  metal  to  ligand  charge  transfer  transition  (MLCT)  energies,  ligand  redox 
potentials,  pK^  values  of  related  ligands,  Hammett  a  -parameters  for  substituted  ligands  and  some  rate 
miMtanfK,  etc  One  may  therefore  oqpect  similar  correlations  with  the  E|^(L)  parameter.  We  do  not 
labour  this  point  here,  bat  note  that  one  may  be  abte  to  derive  more  useful  fundamental  informatioo  if 
the  correlation  is  made  directly  with  the  E|^(L)  parameter  than  with  a  gross  metal  redox  potential. 
Some  possible  examples  are  shown  here,  in  a  very  preUminary  form,  m  order  to  encourage  researchers 
to  exf^e  these  opportunities. 


Figure  S.  A  plot  of  Tofanan-Bartik  electronic 
fktors  vs.  (ZE|^(L)]. 


Figure  6.  A  (rfot  of  Hammett  Op  values  versus 
[ZEf  (L)]  for  ruthenium*^  complexes 
(Ru(ilI/II))  of  triazene- 1-oxides  and 
quinooe<fiimine  species  (data  from  (1430p. 


PoUnti*!  vs  Nile 
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44.L  Tohnan-Bartik  electroaic  (kton 

Toimaa  introduced  [27]  electronic  factors,  phosphine  and  phosphite  ligands,  based  upon 
the  totalb^  symmetric  CO  stretching  vibration  in  a  phnphine  nickel  tricarbonyl  derivative.  More 
recently  Ba^  and  co-workers  have  established  this  correlation  more  accurately  [28].  These 
parameters,  together  with  Tohnan's  cone  an^  data,  have  been  of  great  utility  in  understanding  the 
chemistry  and  dynamics  of  phosphine  comideses. 

One  can  eiqiect  a  correiatioo  bets^  XL  ^  **  shown  in  Figure  5.  This  is  a 

preliminary  analysis  to  show  the  validity  of  this  correlation  which  will  be  eipiored  in  more  detail  [29]. 
Once  the  connection  between  the  two  parameters  has  been  well  established,  it  can  be  used  to  derive 
electronic  factors  for  a  range  of  other  related  ligands,  such  as  chelating  diphosphines  for  which  the 
Tohnan  analysis  based  on  a  mooo|^phine  nickel  tricarbonyl  is  unusaUe. 

4.42.  Hammett  a -factors. 

Clearly  one  can  expect  a  good  correlation  with  El(L).  Two  examples  are  shown  in  Figure  6,  for 
some  substituted  triazene-l-oxides  [14]  and  quinonediimines  [30].  The  value  of  such  plots  lies  in  the 
analysis  of  their  slope  providing  a  two-dimensional  picture  of  ^e  changes  of  electronic  structure  which 
occur  upon  «*a«iging  substitucoL 


Figures  7,8.  Plots  of  Cr(IA))  and  Mo(I^)  redox  data  for  for  some  organometaOic  species,  showing 
nitrosyl-cootaintng  species  as  larger  open  dreies,  for  clarity  (data  from  [103132]). 


01  uoiniuia 


ilMI4»WiA  X;>/  9^ 


12- 


4.4 J.  ratroqfl  oooqiieaM 

Nkro^  praeat  a  special  chalkiige  since  tliey  are  oon-ianoceat  (redos  active)  and  the  iig«"H 
orbitals  fcneralljr  mix  stro^y  with  me^  orbitals  such  that  redos  processes  are  often  not  clearly 
centered  on  metal  or  NO.  Given  that  NO  can  bind,  formal^,  as  NO'^,  NO  or  NO*,  a  wide  variation  in 
^  eiqiected.  Urns  the  E|^(L)  value  could  be  a  useful  new  tool  to  understand  nitrosyl 
chemistry,  dioagh  its  apphcatkm  may  be  difficult  to 

Figures  7ji  shows  plots  of  d^  for  dhromium  and  molybdenum  nitrosyl  spedes;  the  slope  with 
E|^(L)  is  essentially  the  same  as  for  non-NO  species.  Thus,  in  Figure  73  [data  from  103132] ,  a  value 
for  E|^(NO)  is  us^  which  will  cause  the  nitrosyl  complexes  to  fit  the  correlation  line.  This  yields 
^  Vatues  in  the  range  13  •  13,  for  E^(NO'^),  have  been 

described  by  Clarke  [33]  for  some  technetium  nhrosyl  derivatives.  This  area  would  benefit  from  a 
detailed  analysis. 


Figure  9.  A  plot  of  the  emissioa  energies 
(corrected)  for  Re(00)3(bpy)L  with  varying 
L  vs  [£El(L))  (dau  from  [35-37]). 


Figure  10.  A  plot  of  Pt-S  bond  lengths  in 
Pt(DMSO)C^L  vs.  E|^(L)  [38]  and  of  Tc-N 
bond  leng^  m  some  tedinetium  NO  and  NS 
complexes  versus  (ZE|^(L)]  [39]. 
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4.4.4  P-mkrina 

The  mMay  cocreladoos  of  electrochemical  potentials  with  MLCT  transition  energies  [e.g.  34] 
could  be  transoribed  into  E|^(L)  plots  to  yield  rather  obvious  relationships  which  would  allow  the 
prediction  of  exdted  state  redox  potent!^  based  upon  E^CL)  parameters  and  ligand  reduction 
potentials.  Of  more  potential  value  is  the  analysis  of  emission  energies,  necessarily  for  a  given  ligand, 
when  bound  to  a  metal  atom  to  which  is  attached  a  series  of  other  (spectator)  ligands.  An  ezamide  is 
shown  in  Figure  9  for  emission  from  Re(CO)3(bpy)L  species  as  a  function  of  widely  varyii^  ligand  L 
[35*37].  Unlike  the  case  with  the  MLCT  excitation  energies,  which  are  Franck-Condon  in  nature,  this 
plot  correlates  the  equilibrated  CT  excited  state  energy  versus  the  [£E|^(L)]  parameter. 

The  slope  is  dependent  both  on  the  relative  tiding  of  ligand  L  to  tke  lower  and  upper  oxidation 
states  of  the  metal,  and  also  upon  the  relative  binding  of  ligand  L,  and  its  reduced  species,  L',  to  the 
metal  upper  oxidatuMi  state. 

4.4.5.  Metal-ligand  bond  distances 

Two  groups  have  reported  noting  a  correlation  between  certain  metal-ligand  bond  distances,  and 
E{^(L).  Thus  the  Pt-S  bond  in  Pt(DMSO)Cl2L  varies  linearly  with  E|^(L)  [38]  (Rgure  9)  and  the 
Tc-NX  (X  >  0,S)  varies  linearly  with  [ZE^(L)]  (for  comply  all  liguds  excluding  E|^(NO))  in 
technetium  nitrosyl  derivatives  [39]  (Figure  10).  Those  observations  are  noted  with  great  interest  and 
one  expects  further  examples  to  be  found.  Such  structural  relationships  with  E|^(L)  are  of  especial 
importance  in  the  further  understanding  of  these  useful  parameters. 

4.4.6.  Hydrogen  and  Hydride  Qwnplexes. 

The  hydride  ion  is  an  interesting  ligand  but  its  analysis  by  this  E£^(L)  method  is  made  difBcult  by 
its  non-innocent  nature  and  by  the  observation,  generally,  of  irreversible  redox  processes.  Jia  and 
Morris  [40]  have  studied  the  chemistry  of  coordinated  dihydrogen  complexes  and  have  shown  a 
relationship  between  the  pK|^(Ru(H2)'*‘)  and  the  anocfic  potential  for  oxidation  of  the  complex.  They 
used  the  E|^(L)  parameters  to  show  that  available  (irreversible)  redox  data  for  CpRuH(X)(Y)  species 
could  be  fitt^  on  the  basis  of  the  sum  of  non-hydrogen  ligands  (assuming  a  value  for  E|^(Cp)).  With 
wide  variatiao  of  KpiifU  x,Y,  the  H2  complexes  may  exliibk  characterisdcs  of  either  coordinated 
dOiydrogen  or  di-hydride.  There  is  a  narrow  range  of  possible  energies  for  the  t?.  electrons,  as  probed 
by  electrochemistry,  independent  of  the  metal  ion,  where  stable  bonding  ofthe  q^-H?  li^d  is 
possible,  at  25*^  C.  Using  the  E|^(L)  model,  Morris  [40,41]  has  reationalised  this  diemistry  m  terms  of 
the  stabOity  of  the  di-hydrogen  complex  and  its  chemial  reactivity. 


5.  Sommaiy 


E|^(L)  parameters  permit  one  to;- 

a)  preifo  the  redox  potential  of  givea  metal  couples  when  structural  and  spin  state  infcnmation 
are  avada^  b  a  complex  vokanuDogram  this  wiO  aid  in  redox  couple  assignment; 

b)  predict  structure  and  spin  state  for  a  metal  complex  through  fitting  its  observed  redox 
potendal  to  a  previous  correlatiott; 

c)  caioilate  the  thermodynamic  value  for  a  redox  coiqde  when  kinetic  effects  or  coupled 
chemical  reactioiis,  etc,  prevent  it  from  being  experimentally  derw^ 

d)  design  a  metal  complex  to  have  a  speciBc  redox  potential; 

e)  obtain  bonding  or  structural  information  where  predicted  values  disagree  with  the 
experimeatal  value,  (lynergisni,  non-innocence  etc); 

f)  through  detidled  analysis  of  the  slopes  and  intercepts,  obtain  additional  insist  into  the  nature 
of  the  nietal-Bgand  bond. 

Extenskm  to  the  types  of  example  shown  idwwe  in  section  4.4  si^gests  that  it  may  be  possible  to 
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derive  new  iaformatioa  which  cannot  readily  be  obtained  with  the  previous  type  of  electrochemical 
analysis.  In  particular,  further  studies  of  the  dependence  of  [£E£^(L)]  upon  exdted  state  energies,  bond 
and  non>innocent  ligand  behaviour  is  clearly  desirable. 
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